We propose a thin-film InSb-based thermoradiative system (TRS) and assess its performance characteristics by using a parametric design at low-grade waste heat. We consider the effects of several loss mechanisms on system performance, including optical, sub-gap radiation, and non-radiative losses. Our results predict that the 50 nm thick InSb TRS operating with a hot (cold) source at 500 K (300 K) may yield a power density of 113 Wm −2 and an efficiency limit of 10.5%. To enhance the system performance, more efforts should be paid to optimize the layer thickness, enhance optical radiation, improve surface passivation, and fabricate an Ag back-reflective mirror and an optical filter for frequency-dependent photon recycling. This Letter provides new insights, to the best of our knowledge, for optimal designs and energy loss mechanisms, thus paving a route towards the development of practical TRS at a low temperature of around 500 K.
Low-grade waste heat is ubiquitous in vehicle engines, industrial productions, and power electronics, which can be recycled to generate renewable energy [1] . However, current technologies for waste-heat recovery from the low-temperature heat source, such as thermoelectrics [2] , thermally regenerative electrochemical cycle (TREC) [3] , absorption heat pumps [4] , and organic Rankine cycles [5] are limited by low power generation and conversion efficiency. Among them, thermoelectric generators possess low conversion efficiency (5%-10%) and figure-of-merit (ZT) compared to other technologies. A TREC cannot continuously absorb heat from a heat reservoir during the whole cycle period. The heat pump with a large size is difficult to integrate into a miniaturized application. Organic Rankine cycles are restricted to the long-term thermal stability, fabrication technology, and selections of the working fluid. The fundamental question is, besides the devices mentioned here, which new techniques can be used to efficiently exploit low-grade waste heat?
Today, the thermoradiative system (TRS) represents an emerging approach to utilize low-grade waste heat [6] , as demonstrated experimentally by Santhanam and Fan [7] . Compared with the conventional devices mentioned above, the TRS possesses the advantageous characteristics on account of the large power density, relatively simple design and operation, and low-cost manufacturing. As depicted in Fig. 1(a) , a p-n-junction-based TRS converts part of the supplied heat from the heat source into electricity via photon exchange with surroundings under negative illumination [6] . When absorbing the thermal energy to elevate the operating temperatures, the p-n junction radiates more photons than it absorbs, enabling it to generate electric power. Figure 1(b) shows the opposite transport routes of electrons and holes in the TRS contrasted with the direction of the photovoltaic (PV) cell [8] . Thermally excited electrons in the n-side and holes in the p-side diffuse towards the space charge region and recombine radiatively over the bandgap, thus resulting in a negative open-circuit voltage. When a load is externally connected, the lack of electrons in the conduction band is replenished with equal hole current flow to the valence band through the external circuit, thus assuring a continuous charge flow through the TRS.
Several investigations regarding the TRS have been reported, mainly focusing on the theoretical efficiency limits [9, 10] , nearfield radiative heat transfer [11, 12] , and potential application [13, 14] . However, some significant aspects are still missing in these analyses. Bandgap alignment and temperature dependence in terms of the determined semiconductor material have yet to be addressed. Most importantly, the optical, electric, and thermal losses are inevitable in realistic devices. Quantifying these energy losses in a TRS contributes to identifying the dominant loss mechanism that limits the power generation and conversion efficiency and paying more efforts to reduce its effects.
In this Letter, we introduce a comprehensive model of the TRS with a parallel-plate geometry enabled by a lowtemperature heat source, an InSb p-n junction, an Ag back surface reflector (BSR), and a perfect optical fiber. Here we consider three major irreversible losses, including nonradiative loss, energy-dependent radiation loss, and heat conduction losses within the system. Moreover, the bandgap alignment and temperature dependence regarding InSb are also included. Adopting the maximum power density (MPD) and MCE as objective functions, we discuss the impact of these non-ideal mechanisms on systemic performance and, consequently, determine the optimally working regions of the system under different temperatures. This Letter will be helpful for the optimal design and technological implementation of practical TRSs, thus providing new opportunities for the efficient utilization of low-grade waste heat.
As an illustrative example, we consider the situation in which the temperatures of the heat source and ambient are maintained at 500 and 300 K, respectively. Since the high-melting materials with ultrahigh thermal conductivity are usually filled between them, we assume that the operating temperature of the TRS is the same as that of the heat reservoir. Here we choose InSb as the promising candidate of the ideal materials used in the TRS (see Table 1 for related parameters). InSb with a narrow bandgap of 0.09 eV at 500 K and high electron mobility contributes to the more inter-band excitations and larger electric current, enabling it to be widely used as a terahertz radiation source, PV cell, and infrared detector. To be relevant to the practical application, its melting point (roughly 800 K) matches with the lowtemperature operating range. Additionally, InSb possesses a high internal quantum efficiency and optical absorption at the broader wavelength range.
Since the existence of the optical loss, photon energy larger than the semiconductor bandgap cannot be completely utilized by the TRS. The optical loss existing in the TRS originates from the reflection and transmission, reducing the photon absorption inside the device. Following the detailed balance formalism [15] , the current density through such a device in terms of the difference between the emitted and absorbed photon fluxes, i.e.,
where
Here e, ω, and c are the elementary charge, angular frequency, and speed of light in vacuum, respectively. εω is the spectral absorption coefficient varying with photon energy, which can be obtained via the data in Fig. 2 [16, 17] . Dω r 2 ω 2 ∕π 2 c 3 is the photon density of states in a homogeneous bulk material with refractive index rω. f T , Δμ fexpℏω − Δμ∕k B T − 1g −1 is the generalized Planck distribution, ℏ is the reduced Planck constant, Δμ E Fe − E Fh eV < 0 is the chemical potential of photons, and k B is the Boltzmann constant. The current density given by Eq. (1) is related to the above bandgap photon flux, and its corresponding net radiative energy flux is given by
In a realistic TRS, the sub-bandgap radiation and non-radiative process should be considered as additional loss mechanisms. The net sub-bandgap radiative energy loss is independent of the chemical potential, so the corresponding photon distribution is given by f 0 T , Δμ fexpℏω∕k B T − 1g −1 . The non-radiative processes, including the Auger, ShockleyRead-Hall (SRH), and surface defect processes, contribute to the net free-carrier generation in the TRS. To quantitatively describe the non-radiative loss due to the Auger, SRH, and surface defect processes, the current losses generated in the TRS can be calculated as follows:
where R Aug Cd n 3 i exp3qV ∕2k B T , C represents the Auger recombination coefficient, d denotes the thickness of the TRS, and n i is the intrinsic carrier concentration. R SRH d n i ∕τ expqV ∕2k B T , τ is the bulk SRH lifetime, R SF Sn i fexpqV ∕2k B T − 1g, and S is the surface recombination velocity.
Different from the previous researches, we consider the temperature dependence of C and n i . The temperature-dependent Auger coefficient is obtained by CT C 0 exp−E Act ∕k B T , where E Act represents the activation energy of the Auger process. Using the expression in Ref. [18] of n i T ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi N C N V p exp−E g T ∕2k B T , we can model the temperature dependence of intrinsic carrier concentration. N C 8 × 10 12 × T 1.5 and N V 1.4 × 10 15 × T 1.5 are the effective state densities in the conduction and valence bands [18, 19] , respectively, and their temperature dependences are given by the model for InSb. Another key factor that can remarkably impact the performance relates to the alignment of the material bandgap. Using a Varshni relation, the temperature dependence of the bandgap in InSb can be described as E g T E g 0 − βT 2 ∕T γ, where E g T is the bandgap within InSb at temperature T , E g 0 0.24 eV corresponds to the value at T 0 K, and β 6 × 10 −4 , γ 500. Considering the nonradiative process, in our proposed TRS, the total current density is given by i eN abs 0, T E − N em Δμ, T H − i N RP T H ; (6) consequently, the electric power generation and conversion efficiency of the TRS, respectively, can be expressed as
and
As shown in Fig. 1(a) , the TRS emits the radiative energy flow into the surroundings and simultaneously absorbs them from the environment, producing the power output and heat flows into the environment via heat conduction. Based on energy conservation, the absorbed heat _ E IN from the heat resource satisfies the relation in Eq. (8), where _ E C is the heat conduction loss from the TRS to the surroundings, which is given by _ E C U T H − T E , and U is the global heat transfer coefficient for the TRS.
The performance characteristics of the system are a strong function of the voltage output or chemical potential. Using Eqs. (1)- (8) and the data in Table 1 [18, 19] , one can simulate the performance characteristics regarding the system, as depicted in Fig. 3 . It should be noted that the thickness of InSb plays an important role in determining the performance of TRS. On one hand, a large thickness enhances the wavelength-dependent absorption and emission from an InSb surface in accordance with the Kirchhoff law. As the number of emitted photons is much larger than those absorbed from the environment, the power output density increases in this case. On the other hand, a small thickness strongly suppresses the non-radiative effect which is strongly detrimental to the energy conversion efficiency of TRS [12] . Thus, an optimal thickness of InSb is critically important for achieving good TRS performance. Here we propose that the optimal thickness of InSb should be chosen as a few times that of the inverse of the absorption coefficient, i.e., d 50 nm, such that there is sufficient thickness for photon absorption, while the InSb layer is thin enough to mitigate the non-radiative effect. As demonstrated below, this thickness leads to good conversion performance in the proposed TRS.
The power density P and conversion efficiency η are not monotonic functions of the voltage output V [ Fig. 3(a) ]. The numerical results indicate that the system can generate the MPD of 113 Wm −2 for a voltage of −0.0303 eV, while yielding an efficiency limit of 10.5% corresponding to a voltage of −0.0439 V. Although the MCE is far below the Carnot efficiency limit of 40%, the TRS still provides an equivalent ZT of 0.94, which is comparable to high-performance thermoelectric generator [20] . Moreover, the MPD point corresponds to the different values of the negative voltage as the MCE point. as the input heat flux from heat resource via heat conduction is variable under different voltages.
Based on the data in Fig. 3(a) , we can further derive the η ∼ P curve of the system, where P η and η P denote the value of the power density and conversion efficiency under the conditions of the MCE and MPD, respectively. Operating at the regions of P < P η and η < η P , the power density decreases with the decreasing of the conversion efficiency and, consequently, these regions are not optimal for a TRS. Thus, the optimal working ranges regarding the power density and overall efficiency should be P η ≤ P ≤ P max and η P ≤ η ≤ η max . Additionally, to ensure that the system operates in such an optimum region described above, we shall control the voltage output, so that it satisfies the following relation: V η ≤ V ≤ V P , where V P and V η are the value of the voltage output at the state of the MPD and MCE. Since the current density is closely related to the voltage, the optimal region of current density can be determined through Eq. (6).
To provide guidelines for the performance improvement of realistic TRSs, we need to identify the process that contributes to the major energy losses. In Fig. 3(c) , we calculate the curves for four systems, including: (1) the ideal TRS, (2) the system with only the optical loss, (3) the system with only the nonradiative loss, and (4) the system with only the sub-bandgap loss. The power generation and conversion efficiency at different loss mechanisms are summarized in Table 2 . First, the subbandgap radiation and non-radiative losses are two major loss mechanisms that significantly degrade system performance. Secondly, the sub-bandgap radiation between the TRS and the environment makes no contribution to the electric current. This part of the photons either leaves the TRS or is absorbed to generate heat and decrease the conversion efficiency. We can fabricate a front-surface filter to selectively absorb or radiative photons with higher energies. Moreover, the ongoing research efforts suppress the Auger process using quantum wells, doping profile control, superlattices, or heterostructures and, meanwhile, mitigate surface recombination by passivation. Finally, to reduce the optical loss, we propose a light trapping structure with top dielectric grating and back metallic grating (Ag mirror) to promote light utilization in the active layer.
It is significant to note that the optimal values of the power density, efficiency, current density, and output voltage closely depend on the heat resource temperature. In the range of 350-600 K, the optimal values of the above parameters are monotonically increased with the temperature, as shown in Figs. 4(a)-4(d) . The results obtained here may provide guidance for the operative work region and parameter selection for practical TRSs.
In summary, we have designed an optimal TRS, which has the potential for low-grade waste-heat recovery. From our design, a 50 nm thin-film TRS yields an efficiency limit of 10.5% operating between the hot source at 500 K and the environment at 300 K. Three major energy loss mechanisms are verified, including optical, sub-gap radiation, and non-radiative losses. This indicates that more efforts should be paid on optimizing the InSb layer thickness, enhancing optical absorption, improving the surface passivation, and fabricating the optical filter and Ag BSR. This Letter provides the optimum design strategies for realistic TRSs and sheds light on the ongoing quest for novel energy devices.
Funding. National Natural Science Foundation of China (NSFC) (11675132); Singapore A*STAR AME IRG (A1783c0011); China Scholarship Council (CSC) under the State Scholarship Fund (201806310020). Fig. 4 . Optimum working regions of the TRS operating between the heat source at different temperatures and the cold environment at 300 K. (a) P max and P η ; (b) η max and η P ; (c) i P and i η ; (d) V P and V η varying with the temperature.
